Explicitly correlated Gaussian functions have been used to perform very accurate variational calculations for the ground states of 7 Li and 7 Li − . The nuclear motion has been explicitly included in the calculations ͑i.e., they have been done without assuming the Born-Oppenheimer ͑BO͒ approximation͒. An approach based on the analytical energy gradient calculated with respect to the Gaussian exponential parameters was employed. This led to a noticeable improvement of the previously determined variational upper bound to the nonrelativistic energy of Li − . The Li energy obtained in the calculations matches those of the most accurate results obtained with Hylleraas functions. The finite-mass ͑non-BO͒ wave functions were used to calculate the ␣ 2 relativistic corrections ͑␣ =1/c͒. With those corrections and the ␣ 3 and ␣ 4 corrections taken from Pachucki and Komasa ͓J. Chem. Phys. 125, 204304 ͑2006͔͒, the electron affinity ͑EA͒ of 7 Li was determined. It agrees very well with the most recent experimental EA.
I. INTRODUCTION
In a recent work 1 Pachucki and Komasa reported new variational infinite-mass ͑Born-Oppenheimer͒ calculations of the ground electronic states of Li − and Li performed with the use of explicitly correlated Gaussian functions ͑ECGFs͒. They also calculated the corrections due to the finite mass of the 7 Li nucleus, as well as relativistic and QED corrections proportional to ␣ 2 , ␣ 3 , and ␣ 4 . While the variational infinitemass energy of Li that they obtained was slightly higher than the best variational upper bound of −7.478 060 323 889 7 hartrees, 2 their result for Li − was a new energy upper bound. In the summary of their paper, Pachucki and Komasa stated that this new upper bound can still be lowered if a better optimized basis set is used in the calculation. Such an improvement may affect the electron affinity ͑EA͒ of Li that they calculated in their work. Since in the last years we have developed an approach for variational optimization of ECGFs based on the use of the analytical energy gradient with respect to the Gaussian exponential parameters, we decided to revisit the Li − / Li problem to see if the ECGF results for these systems can be improved.
Although the basis functions ͑ECGFs͒ used in our work are the same as those employed by Pachucki and Komasa in Ref. 1 , our approach differs from the approach used in Ref. 1 in three aspects. First, we do not assume the infinite-mass approximation in the calculations, and all particles ͑the electrons and the nucleus͒ forming the 7 Li − ion and the 7 Li atom are treated on equal footing. Thus, the finite-mass corrections, which in the work of Pachucki and Komasa were calculated using the first-order perturbation theory, in our approach are explicitly included in the variational nonrelativistic energy. Second, as mentioned above, we use the analytic gradient of the energy with respect to the Gaussian exponential parameters in the variational optimizations of the wave functions. Third, the ␣ 2 relativistic corrections in the present work are determined using the finite-mass wave functions, and thus those corrections include not only terms due to the motion of the electrons around the center of mass of the atom but also terms due to the motion of the nucleus. The calculations of the relativistic correction were carried out using recently developed algorithms. [3] [4] [5] [6] [7] The most accurate atomic calculations for systems with two and three electrons have been done with Slater-type or Hylleraas-type explicitly correlated functions. 2, [8] [9] [10] [11] Those calculations demonstrated that by accurately accounting for the electron correlation effects and by including the leading relativistic and QED corrections, the accuracy of the results of the calculations matches the accuracy of the state-of-theart high-resolution experiment. The Slater-type and Hylleraas-type functions are more effective than ECGFs in describing the cusp behavior of the wave function, but their implementation to systems with more than three electrons has not been achieved due to technical difficulties related to 5, 6 where we showed that by using an extended basis set and by employing a gradient-based variational optimization of the Gaussian parameters, we can achieve a very high accuracy in variational calculations with ECGFs. In this work we apply the approach to the Li/ Li − system.
II. METHOD USED IN THE CALCULATIONS
Li and Li − are four-and five-particle problems, respectively, for an approach that does not assume the infinite-mass approximation. In general, for a system of N particles with masses M i and charges Q i ͑i =1, ... ,N͒ the approach that we use comprises the following steps. In the first step we transform the total nonrelativistic Hamiltonian of the system to an internal Hamiltonian by separating out the center of mass motion. This reduces the N-particle problem to a n-pseudoparticle problem ͑n = N −1͒. In the transformation the laboratory Cartesian coordinate system is replaced by a system, whose first three coordinates are the laboratory coordinates of the center of mass r 0 , and the remaining 3n coordinates are internal Cartesian coordinates, whose origin is placed at the nucleus ͑called the reference particle͒. The positions of the other particles ͑electrons͒ are described using the Cartesian position vectors r i . The internal Hamiltonian H int has the following form:
The separation of the total Hamiltonian into the internal Hamiltonian and the Hamiltonian of the motion of the center of mass is exact. One can notice that H int represents a system of n pseudoparticles ͑pseudoelectrons͒ with charges q i = Q i+1 and reduced masses i moving in the central potential of the charge of the reference particle. We call the internal particles as pseudoparticles because, while they have the same charges as the original particles, their masses are replaced by the reduced masses. For Li, the number of pseudoparticles is 3 and for Li − it is 4. To describe the relativistic effects in 7 Li and 7 Li − , we use the Dirac-Breit Hamiltonian in the Pauli approximation, which suffices for light atoms where the velocities of the electrons are relatively low. 22, 23 In this work we only consider the ground states of Li and Li − . Those states have the S symmetry. For such states the Dirac-Breit-Pauli Hamiltonian has the following form:
where mass-velocity term:
Darwin term:
orbit-orbit term:
, m 2 = M 3 = 1, and m 3 = M 4 = 1. Additionally for 7 Li − , q 4 = Q 5 = −1 and m 4 = M 5 = 1. In this work we do not consider the electron-nucleus spin-spin interaction because it is a negligibly small effect in comparison with the electron-electron spin-spin interaction.
Since both 7 Li and 7 Li − have a nucleus with spin of 3 / 2, this needs to be taken into consideration in the calculation. In the atomic Dirac-Breit-Pauli Hamiltonian the Darwin correction describing the interaction of the nucleus ͑with charge Q, spin I, and mass M͒ with an electron has the following form:
where g is the g factor ͑for 7 Li nucleus it is 2.170 951͒, and
for a half-integer spin. ·
͑3͒
The general form of the basis functions used in this work to calculate the 7 Li and 7 Li − S states is
where is the Kronecker product symbol, r is a vector of the internal Cartesian coordinates of the four pseudoparticles ͑for 7 Li − r is a 12ϫ 1 vector, for 7 Li r is a 9ϫ 1 vector͒, L k is the lower triangular matrix of nonlinear variation parameters ͑for 7 Li − L k is a 4ϫ 4 rank 4 matrix and for 7 Li L k is a 3 ϫ 3 rank 3 matrix͒, and I 3 is the 3 ϫ 3 identity matrix. The use of the L k L k Ј product instead of a single matrix allows us to vary the L k without any restrictions and still ensure that each basis function is square integrable. The permutational symmetry of the two electrons is implemented through appropriate symmetry projections applied to the basis functions.
As in our previous non-Born-Oppenheimer calculations on atomic and diatomic systems, the wave functions for the ground states of 7 Li and 7 Li − have been obtained using the variational method by minimizing the total energy with respect to the linear expansion coefficients ͕c k ͖ and the nonlinear parameters of the basis functions ͕L k ͖. In the minimiza-TABLE I. Nonrelativistic energies ͑in hartrees͒, ␣ 2 relativistic corrections ͑in mhartrees͒, and the total energies ͑in hartrees͒ for the ground states of ϱ Li − , ϱ Li, 7 Li − , and 7 Li. Notations MV, D, SS, and OO stand for mass-velocity, Darwin, spin-spin, and orbit-orbit corrections, respectively. tion we used analytically determined energy gradient. The use of the gradient significantly accelerated the optimization process and allowed us to achieve a high accuracy of the calculations at a lower computational cost.
III. RESULTS
The results of the calculations of the nonrelativistic energies and relativistic corrections are summarized in Table I . In the table we show how these quantities converge with the number of basis functions. Results from 1000 to 7000 basis functions in increments of 1000 are shown. Since all previous calculations on Li and Li − , including those of Pachucki and Komasa, 1 have been done for an infinite nuclear mass, we also show in the table infinite-mass energies. These energies were calculated using the basis set obtained for 7 Li and 7 Li − , and no additional optimizations of the nonlinear parameters were performed. Our previous calculations on atomic systems have shown that adjusting only linear parameters ͕c k ͖ is sufficient to account for a change of the nuclear mass from its finite value of 12 786.3933 hartrees to infinity.
The infinite-mass energy results ͑denoted as ϱ Li and ϱ Li − in Table I͒ The convergence of the total variational energy with the number of basis functions is faster for Li than for Li − . Going from 6000 to 7000 basis functions, the Li − energy decreased by 6 ϫ 10 −9 hartree, while the Li energy decreased by only 4 ϫ 10 −10 hartree. This is expected due to the larger by one number of electrons in Li − than in Li. In effect, when the electron affinity of Li is calculated as a difference of the total relativistic energies of Li and Li − plus the difference of the relativistic corrections, the results should be an upper bound to the true EA value.
In Table I we also show all individual relativistic energy corrections of the order of ␣ 2 calculated in this work using our finite-mass wave functions and the first-order perturbation theory. The sums of those corrections added to the nonrelativistic total energies are shown in the last column of the table ͑E nonrel + ␣ 2 E rel ͒. As one can see, the convergence of ␣ 2 E rel is quite good, however, not as good as for the total nonrelativistic energy. Our ␣ 2 relativistic corrections for 7 Li and ϱ Li, calculated with the 7000-term wave functions, of −0.000 641 669 and −0.000 641 627 hartree, respectively, can be compared with the ␣ 2 correction equal to −0.000 641 703 hartree obtained with the infinite-mass wave function by Pachucki and Komasa. 19 The values are very similar but not identical.
In Table II we present the calculation of EA of Li using the energies obtained in this work with 7000 basis functions, and we compare it with the calculation of Pachucki and Komasa. 1 In the first row of the table we list our finite-mass total energies of 7 Li and 7 Li − and the infinite-mass energies of Pachucki and Komasa. The second row contains finitemass corrections ͑E FM ͒ for the two systems. While in our approach those corrections are calculated as the difference between the corresponding finite-mass and infinite-mass total energies, in the approach used by Pachucki and Komasa they are calculated as perturbations to the infinite-mass energies. As one can see, our E FM corrections for both systems are slightly smaller than theirs and the difference is about 0.02%. However, the difference between E FM for Li and Li − , i.e., the contribution of the finite-mass effect to the EA of Li, is virtually identical in our calculations as was in the calculations of Pachucki and Komasa.
Slightly larger differences of about 0.036 and 0.009 cm −1 between our results and those of Pachucki and Komasa appear in the contribution to the EA from the nonrelativistic energies and from the ␣ 2 relativistic corrections. The former is the result of Pachucki and Komasa for Li − energy being not as well converged as our energy. The latter may result from our use of the non-Born-Oppenheimer ͑BO͒ wave functions in calculating the relativistic corrections and their use of BO wave functions.
Since Finally, we found that it interesting to examine how the EA converges with the number of functions in the basis set. The pertinent information is presented in Table III . As one can see, the EA value is already well converged with 3000-4000 basis functions.
IV. SUMMARY
In this work we have presented a series of calculations leading to the determination of the electron affinity of the Li atom. The calculations have been done without assuming the Born-Oppenheimer approximation regarding the separability of the electronic and nuclear motions ͑i.e., with the inclusion of the nuclear motion in the nonrelativistic Schrödinger equation͒. In this work we differ with the approach employed earlier by Pachucki and Komasa, 1 where they first calculated nonrelativistic infinite-nuclear-mass energies and then corrected them for the finite mass of the Li nucleus using the perturbation theory. By recalculating the Li and Li − groundstate energies with an infinite mass of the nucleus, we obtained energy values that we could compare directly with the infinite-mass energies obtained by Pachucki and Komasa. The comparison showed that our nonrelativistic energies are better converged ͑particularly for Li − ͒ than theirs. Our Li − infinite-mass and finite-mass energies are new improved upper bounds for this system. In the next step we calculated the relativistic corrections of the order of ␣ 2 to the 7 Li and 7 Li − energies using our nonrelativistic finite-mass wave functions. The difference between the Li/ Li − nonrelativistic energies, plus the difference between the relativistic corrections, gave us the initial EA value. To obtain the final EA value we added the QED corrections calculated by Pachucki and Komasa to our result. 
